ABSTRACT The diffusion of the three fluorescent probes dichlorofluorescein, carboxyfluorescein, and Lucifer Yellow within the septate median giant axon of the earthworm was monitored using fluorometric methods. A diffusion model was derived that allowed computation of the apparent axoplasmic diffusion coefficient, junctional membrane permeability (septal membranes), and plasma membrane permeability for each probe. Dichlorofluorescein and carboxyfluorescein have similar apparent axoplasmic diffusion coefficients, which were reduced by a factor of eight relative to that predicted from the Einstein-Stokes equation. Nonspecific reversible binding appears to be the major cause of the retarded diffusion coefficients. Junctional membrane permeability for dichlorofluorescein was 4.7 to 73-fold greater than that for carboxyfluorescein. This difference could not be explained on the basis of molecular size but can be explained by the difference in charge between the two molecules. Diffusion coefficients and junctional membrane permeabilities remained constant with time for both dyes. The diffusion of Lucifer Yellow within the axoplasm and permeability through the junctional membranes did not remain constant with time but declined. From this it was inferred that Lucifer Yellow experienced a slow, irreversible binding to axoplasmic elements. All three probes had finite plasma membrane permeabilities.
INTRODUCTION
The measurement of solute diffusion through intercellular pathways and cytoplasm is often complicated by cellular size and geometry. Cells are often small and the intercellular junctions occur randomly over the surface of cells. Within a tissue such as liver, diffusion of a solute can occur in three dimensions in vivo, or two dimensions in tissue culture. In either case the diffusion of a tracer molecule is determined as an effective or apparent diffusion coefficient. The determinants of the apparent diffusion coefficient are junctional membrane permeability, solute binding to cytosolic and membrane bound proteins, sequestration of the solute into intracellular compartments, tortuosity factors (cytoskeleton and intracellular organelles), and viscosity of the cytoplasm. If the junctional membranes are assumed to occur periodically and perpendicularly to the long axis of a cylindrical tissue bundle (e.g., heart myocardial strips) then junctional permeabilities and apparent cytoplasmic diffusion coefficients can be estimated (Weingart, 1974) .
Measurement of cytoplasmic diffusion coefficients of various probes in cells that are true syncytia (e.g., skeletal muscle cells) show a reduction in the diffusion coefficients by a factor of 2 to 100 times relative to those obtained in the aqueous phase (Kushmerick and Podolsky, 1969) or from the Einstein-Stokes equation. Since the diffusion coefficient of a solute molecule is inversely proportional to solvent viscosity (Einstein-Stokes equation, Robinson and Stokes, 1968) estimates of cytoplasmic viscosity are necessary in determining the other factors that influence the diffusion coefficient of a molecule within a cell. EPR studies in Myxicola axoplasm of two low molecular weight spin labels revealed a microviscosity of only 0.02 poise (Rubinson and Baker 1979) . Dintenfuss (1968) measured the viscosity of erythrocyte cytoplasm at 370C and found it to be four times greater than water. Cokelet and Meiselman (1969) obtained similar results. More recently, Mastro and Keith (1984) performed electron-spin resonance experiments on cultured cells to assess the rotational and translational motion of solutes within cells. Their studies demonstrate that the viscosity of cytoplasm is greater than the viscosity of water by a factor of 2 to 4 for both motions. Removal of solvent by hypertonic treatment further decreased translational motion by fourfold but suppressed rotational motion only slightly (20% decrease), leading the authors to suggest an increase in the density of cytoplasmic barriers. Greater reductions than those due to viscosity in apparent cytoplasmic diffusion coefficients suggest that some form of solute entrapment occurs within the cytosol, or that there exist cytoplasmic barriers (e.g., tortuosity) to translational motion of solutes.
If intercellular transfer of solutes is mediated by aqueous channels (Bennett, 1977; and Loewenstein, 1975 and 1981) , then cytoplasmic diffusion is an important parameter to monitor independent ofjunctional membrane permeability, to ascertain whether or not solute diffusion is influenced by cytoplasmic factors. These factors could alter the effective concentration gradient of a solute across a junction and therefore the flux of the solute through the junction. Determining whether molecules follow Fickian diffusion reveals information about the transport process in gap junctions and the role of the cytosol in influencing the free pool of solute within the cell.
In the study, the system studied was the septate median giant axon of the earthworm. The septa lie perpendicular to the long axis of the axon (Stough, 1926) and contain gap junctions (Goodenough, 1975; Makowski et al., 1980) or nexuses (Kensler et al., 1979; Gunther, 1975; and Brink and Dewey, 1978) , which act as a partial barrier to dye diffusion. This arrangement allows determination of the junctional membrane permeability and the apparent cytoplasmic diffusion coefficient. The intercellular junctions of the septa are typical of those found in invertebrates with the exception of those in the phylum Arthropoda (Gilula, 1974; and Brink et al., 1981) .
Earlier studies on the earthworm system indicated an inverse relationship between molecular weight and junctional permeability with greatly varying apparent cytoplasmic diffusion coefficients. Only short time intervals could be studied because of the constraints of the model used (Crank, 1975; and Brink and Dewey, 1978 and 1980) . The model assumed a single permeant surface with axoplasm on either side extending to infinity. Here we develop a model that allows the determination of junctional membrane permeability (P), plasma membrane permeability (Pm) and the apparent axoplasmic diffusion coefficient (Da) at any time interval for a geometry that is equivalent to that of the septate axon. All three parameters were determined for three fluorescent tracers used extensively in studying intercellular communication. These probes were Lucifer Yellow (LY, 1.26 x 1.4 x 0.55 nm), carboxyfluorescein (CFL, 1.26 x 1.27 x 0.85 nm) and dichlorofluorescein (2CLFL, 1.23 x 1.27 x 0.55 nm). Dimensions were determined from Corey-Pauling (CPK) models.
METHODS
Earthworms (Lumbricus) (Carolina Biological Supply Co., Burlington, NC) were maintained in a mixture of soil, leaves, and mulch at 50C. Nerve cords were dissected as described by Brink and Barr (1977) . A trihydroxymethylamine (Tris) buffered saline (pH = 7.4) was used to bath the earthworms during dissection (Prosser, 1973) . The dissected cords were transferred to a saline solution that contained 120 mM Na Acetate, 1 mM K Acetate, 1 mM Ca Acetate, 1 mM Mg Acetate, 5 mM Choline Chloride, and 50 qM Carbachol, pH = 7.5. All experiments were performed in the acetate saline. Individual septate axons were impaled with a microelectrode and one of the three fluorescent probes, LY, CFL, or 2CLFL, was iontophoresed into the cell (Brink and Dewey, 1978) . Hyperpolarizing currents of 30 to 80 nA were applied periodically (once every 50 ms) with a duration of 25 to 30 ms for 10 to 30 min to fill cells of the axon to concentrations of 0.2 to 1 mM. The concentration of a probe inside the axon was estimated by measurement of the fluorescence intensity (Brink, 1983) . When the concentration of the fluorescent probe exceeded 2 mM, fluorescence quenching was observed in glass cylinders with inside diameters of 100 Am. Fig. 1 shows the general experimental setup used to collect and store diffusion data. A grating monochromator in series with the photomultiplier allowed observation of the peak emission of the fluorescence spectra.
A 15 x 50 Am slit was placed in the optical path before the grating monochromator and photomultiplier to limit the area of measurement and yield high spatial resolution. The source of excitation for the probes was a xenon lamp with a grating monochromator (Farrand Optical Co., Inc., Valhalla, NY). The excitation was delivered to the axons via epi-illumination. The preparation was mounted on a motorized stage (Carl Zeiss, Inc., Thornwood, NY) that could move the field along the long axis of the axon at a constant velocity. For the experiments done in this study the velocity was 100 gm/s. The resultant photomultiplier output then revealed the spatial distribution of the probe within the septate axon. Scans were taken at various time intervals and the photomultiplier output was monitored by a microcomputer (IBM-PC; IBM instruments, Inc., Danbury, CT) via an analog-to-digital (A/D) converter (Data Translation, Marlboro, MA). The data was stored on hard disk for subsequent analysis. The amount of dye iontophoresed from experiment to experiment was varied such that the initial concentration of dye was -0.2-0.3 mM or I mM. The gain of the photomultiplier amplifier was set such that 1 mM = 4 V for each dye. The A/D converter has a voltage window of ± 5 V with a 5 mV sensitivity limit. Therefore the apparatus was capable of sensing concentration, as fluorescence intensity, over three orders of magnitude. The lowest concentration detectable was I AM. In each figure showing raw data, the vertical scale is given in volts.
The theoretical diffusion coefficients for LY, CFL, and 2CLFL in water were calculated from the Einstein-Stokes equation: Dw = kT/ (6"nr), where T = absolute temperature and k is Boltzmann's constant (see Table I ). The viscosity of water (X1) equals 0.01 poise at room temperature (Jacobs, 1967, or Robinson and Stokes, 1968) and r is chosen as one half the widest dimension of the dye molecule as given by CPK models. For this study the diffusion coefficients predicted from the Einstein-Stokes equation (DA) will be used as reference diffusion coeffi-FIGURE 1 Schematic representation of the apparatus used to measure the fluorescence intensity distribution along the long axis of the septate axon is shown. The spatial distribution of the fluorescent probes was monitored by passing the axon, at constant velocity, by a stationary photomultiplier (Brink, 1983) . A grating monochromator was used in the excitation path to narrow the spectrum of light delivered to the septate axon via epi-illumination. The grating in front of the photomultiplier further decreased background interference with the fluorescence signal. The area the photomultiplier monitored was 15 x 50 Am with a 40x objective. The radius was taken as half of the widest dimension of the molecule.
cients for assessment of dye behavior in the axoplasm, as has been the convention in other studies (Weingart, 1974; Mastro and Keith, 1984) .
THEORY
A schematic representation of the septate axon is depicted in Fig. 2 Longitudinal Diffusion with no Plasma Membrane Permeability
The junctional membranes are assumed to be equidistant from X = 0 at some distance A (Fig. 2 ). By virtue of symmetry either of the regions X > 0 or X -0 can be considered. We will consider only X 2 0. The concentrations of fluorescent probe in regions 0 < X < A and X 2 A are denoted Cl and C2, respectively. Let C0 be the initial concentration of the probe in the injected axon (0 < X < A) at time t = 0. CI(X,p) = Al(p)
where the barred quantities are the Laplace transform of the corresponding unbarred quantities. Since C2 must approach zero for large X, A2(p) = 0. Solving in the transform-plane for Ai(p) and Bi(p), (i = 1,2), yields:
Consideration of the roots of the denominator in the Appendix section 1.1 and subsequent contour integration yields: 
where u is the integration variable and G(u) is defined by Eq. 11. The roots of Eqs. 2e and 2f are given in Carslaw and Jaeger (p.493, 1959) . A, and B2 are then calculated from Eq. 2c:
Evaluation of the roots in Appendix section 1.2 and subsequent contour integration gives Eqs. 2g and 2h. was done by eye. The entire surface of the septum was assumed to be accessible by the dye (contact in the plane perpendicular to the long axis of the axons). In Fig. 3 b (t = 1,800 s), the same parameters that fit the data of 3 a were used. In Fig. 3 __I___- amounts of LY were still present after 71,000 s, indicating binding or some other form of retardation of movement of the dye was taking place. Da was reduced in this record from 3 x 10-6 to 7 x 10-8 cm2/s, a 50-fold reduction. Pj fell from 3 x 106 to 6.5 x 10-7 cm/s over the same interval, an 80% reduction. Fig. 7 Fig. 7 b shows. Pm mirrored the decline of FIGURE 4 Analysis CFL in a similar fashion to that of Fig. 3 where only the best fits are shown. The insert of 4 e shows another CFL injection which shows residual fluorescence at 150,000 s (4 V = 1 mM).
BIOPHYSICAL JOURNAL VOLUME 48 1985 (Mastro and Keith, 1984; Rubinson and Baker, 1979) , then the apparent viscosity of the axoplasm would be in the range of 0.02 to 0.03 poise at 200C, causing Da to fall near 2 x 10-6 cm2/s for the three probes. This leaves a factor of 3 to 4.5 reduction in Da for both CFL and 2CLFL, which must arise from either binding or the tortuosity imposed by the cytoskeleton and cellular organelles. The tortuosity factor causes a reduction of the effective crosssectional area in any plane into which a dye molecule can move (translational motion) in the form of immobile objects that impede the "random walk" of a molecule. A difference in the rotational and translational motion would be expected if tortuosity were a significant factor in determining the value of the diffusion coefficient for a molecule. In cultured mammalian cells this was not found to be the case (Mastro and Keith, 1984) (Mastro and Keith, 1984) . For 2CLFL the bound fractions would be 85% or 73%, making the same assumptions about viscosity as were made for CFL. These estimates of bound dye fraction cannot account entirely for the retarded value of Da relative to water but do demonstrate to a first approximation that nonspecific binding is a major determinant in establishing the free pool for these dyes. In Table III Fig. 10 was generated using the diffusion model. In both cases C0 was set at 0.5 and the two resultant curves were summed. Pm (1 X 10-7) were assumed to be the same for the bound and unbound fractions. It was also assumed that at any time the concentration of dye would be equally split between bound and unbound form (50% bound, 50% free). The D. for the freely diffusing pool was 2 x 10-6 and that of the bound to be 2 x 10-7 cm2/s (CO = 0.5). A time of 2,000 s was used.
BRINK AND RAMANAN Axoplasmic Diffusion and Junctional Membrane Permeability relative to that of 2CLFL. Both size and charge play an important role as determinants of solute mobility within the junctional channels (Loewenstein, 1981; and Brink and Dewey, 1980) . CFL has dimensions of 1.26 x 1.27 x 0.85 nm and has two carboxyl groups with pKs in the range of 3-4. 2CLFL has dimensions of 1.23 x 1.27 x 0.55 nm with only one carboxyl group. The only size difference is the narrowest dimension. If the channel is assumed to have a more or less spherical orifice with its narrowest dimension being -1.5 nm (Makowski et al., 1984; and Loewenstein, 1981) , then the limiting dimensions for CFL and 2CLFL are 1.26 and 1.23 nm respectively. The lack of dimensional disparity strongly suggests a role for charge not only on the solute but also within the junctional channel in determining the permeability of the junctional membrane.
These results are consistent with the concept of fixed charge groups within or at the entrance of the intercellular channel (Brink and Dewey, 1980 and Flagg-Newton et al., 1979) which in effect, by virtue of field effects, present channel diameters of different sizes to solutes depending on the surface charge density of the solute molecule diffusing through the junctional channel.
Experiments using heavy water exchange show an activation energy difference between D20 saline and H20 of 0.8-1.0 kcal/mol for both dye diffusion (Brink, 1983) and conductance indicating that there is some form of hydrogen or deuterium bonding between solute and channel. The earthworm septal junctions do not show transjunctional voltage-sensitive conductances as do amphibian and teleost blastomeres (Spray et al., 1981 and but -do show pH sensitive conductances . In the earthworm the pH sensitivity is of questionable physiological significance but does imply that titratable charge groups near or within the channel are present. These proposed charge groups and/or gates could be responsible via field effects for the reduced Pj of CFL relative to 2CLFL. The binding of the dyes to the axoplasm reduces the effective free concentration of the dye in the cell, and since the model assumes all the injected dye is free to diffuse, the computed values of Pj are suppressed. Correcting for the binding (Eq. 3) elevates Pj -eightfold for CFL and 2CLFL. Thus Pj would be -1 x 10-4 cm/s for 2CLFL and 6 x 10-6 cm/s for CFL. No such correction need be made for LY since, at least initially, the dye appears to diffuse in the axoplasm with viscosity as the major determinant of Da.
In conclusion, the dyes LY, CFL and 2CLFL were shown to diffuse nonideally in the axoplasm of the septate axon. In the case of CFL and 2CLFL Da was reduced by a factor of 8 while LY behavior was indicative of a slow binding process or sequestration. Note that LY in K+ salt solutions precipitates as a K salt and is nonfluorescent in that form. But inside cells it is quite fluorescent and at least in the earthworm appears to be nontoxic even with exposure to light . The slow decline in Da, Pj, and Pm may be an indication of a slow salting out of dye with K+. Finally the data suggests that both size and charge are important in determining the diffusion rate of a molecule in the intercellular channel and that, to fully understand the rate of transfer across the junction of a solute molecule, the behavior of the solute within the cytosol of the cell must be assessed. Diffusion modeling of the sort utilized in this study also has potential significance in the modeling of embryonic systems where morphogens are thought to play a significant role in cellular differentiation. APPENDIX Section 1.1
For the purposes of contour integration we need to know if Cl and C2 are multivalued. The roots of the denominator of C, and C2 in the complex p-plane must also be evaluated. Fortunately, both C, and C2 share the same denominator, which is:
Dq2[q x sin h(qA) + h x exp (qA)] where q = V~plD. (Al) The square root of p defines the denominator as multivalued. To make it single valued we define a branch cut in the complex p-plane extending from p = 0 to p = -co along the real axis. The roots of the denominator are evaluated as follows: One obvious root is p = Dq2 = 0. The possible roots of [q x sin hqA + h x exp (qA)] must also be considered. If q is purely imaginary such that q = in1 then Eq. Al gives exp (2 x isq x A) = iin/(isj + 2h). This yields the modulus 72 = 72 + 4h2, which excludes BIOPHYSICAL JOURNAL VOLUME 48 1-985 308 imaginary roots. It can also be shown that q cannot be a complex root of the form (e + in) by the standard method (Carslaw and Jaeger 1959, p. 325). For this consider the function U, defined as follows: U1 = exp (-bA) 
Then it can be shown that: d2Ui/dX2 -b 2Ui = 0 where i -1, 2; dUL/dX = 0 for X -0; U2 -0 as X approaches infinity; dU1/dX -b x exp (-bA) x sinh(bA) at X = A, and thus dU1/dX = -h(U, -U2) at X = A; dU1/ dX = dU2/dX at X -A. Let b and a be two different roots of Eq. A2 and U, and Vi be the corresponding quantities. Then it can be proved (Carslaw and Jaeger, 1959 (Carslaw and Jaeger, 1959) . It is also necessary to determine if A1 and B2 are multivalued. There is a root due to p = Dq2 at p -0 and Cl and C2 both involve S. -(Dq2 + a)'1/2 and are hence multivalued functions. To make them single valued we define a branch cut from the root of Sn = 0, therefore from Dq2 = p = -a2 to -cc along the real axis. The contour of integration is now chosen to avoid the pole at p = 0 and the branch cut from -a2 to -co along the negative real axis.
